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ABSTRACT

Toxoplasma gondii is a pathogenic microorganism that is currently a threat to public
health. Understanding the fate and transport of T. gondii through the soil and
groundwater is vital in determining the risk it poses to water resources and human health.
The physico-chemical interactions between the groundwater and the bio colloid within an
aquifer will dictate its mobility and its ability to infect humans. This research examines
how various naturally occurring groundwater chemistries containing organic compounds
and monovalent and divalent salt solutions will alter the fate and transport of T. gondii.
Solutions containing various concentrations of humic acid, fulvic acid, sodium chloride,
calcium chloride, and magnesium chloride were created to test the transport of T. gondii.
These tests were performed in a saturated silica sand column with continuous flow in
order to simulate the movement of groundwater through an aquifer. Organic solutions
and salt solutions were pumped through the columns followed by a pulse of T. gondii
oocysts. The pulse of T. gondii was followed by seven pore volumes of organic and salt
solution in order to flush the oocyst through the simulated aquifer. The effluent exiting
the columns was collected in tenth of pore volume increments in order to determine the
factors associated with the transport of T. gondii. The effluent samples were then
processed using qPCR in order to quantify the oocysts present in the solution.
Breakthrough curve results from the qPCR analysis were then compared to the nonreactive tracer tests to determine the parameters that dictate the transport of T. gondii in
saturated porous media.
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1. INTRODUCTION

Zoonotic organisms have the ability to infect a variety of hosts including other animals and
account for 61% of human diseases (Cleaveland, Laurenson, & Taylor, 2001). Toxoplasma
gondii, a protist, is one of the most prevalent zoonotic organisms infecting between 16%
and 40% of the population of the United States and Great Britain, and between 30% and
80% of the global population (Hill & Dubey, 2002). T. gondii is a harmful pathogenic
microorganism responsible for the human disease toxoplasmosis.

There are three primary modes of contracting Toxoplasmosis: (1) ingestion of undercooked
meat containing tissue cysts, (2) congenital contraction of the disease as sporulated oocysts
are passed from mother to child, and (3) contact with the sporulated oocyst of T. gondii in
the environment (Tenter, Heckeroth, & Weiss, 2000). The sporulated oocyst, which is
derived from the feces of felines who are the definitive host (Dubey, Speer, Shen, Kwok,
& Blixt, 1997), is the culprit for the most severe cases of infection (Hill & Dubey, 2002).
Toxoplasmosis contracted though contact with the sporulated oocysts has symptoms that
are dependent on the strength of the immune system of those infected and can lead to
symptoms of fever, nausea, enlarged lymph nodes, retinitis, hydrocephalus, convulsions,
intra-cerebral calcification, and congenital birth defects, which can lead to miscarriage
(Desmonts & Couvreur, 1974). Toxoplasmosis has also been shown to cause schizophrenia
(Ansari et al., 2017), which can lead to a decrease in the mental health of humans as well
as increase the rate of suicide for those that have contracted the disease.
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The environmental contamination of T. gondii oocysts occurs throughout regions where
cats and other members of Felidae live (Dubey et al., 1995). T. gondii oocysts have been
shown to be transmitted by groundwater, surface water, ocean water, soil, stormwater, and
feed stock media (Tenter et al., 2000). As oocysts enter the environment they can persist
for months and sometimes years in the appropriate soil moisture conditions (Dubey et al.,
1997). Among the environmental modes of contracting Toxoplasmosis, the primary source
of exposure to the sporulated oocyst is by encountering contaminated groundwater and
municipal water (Bowie et al., 1997). Contamination of well water, drinking water, and
soils has been shown to occur on and around farmland (Dubey et al., 1995; Sroka, WójcikFatla, & Dutkiewicz, 2006) where infected livestock can enhance input of oocysts to the
environment. Transmission of T. gondii to marine mammals has been shown to occur
without the presence of an intermediate host suggesting that transmission can occur solely
through infected waters containing sporulated oocysts (Conrad et al., 2005). The world’s
largest outbreak of toxoplasmosis occurring in western Canada was linked to the
contamination of municipal drinking water sources where 100 acute cases were reported
along with twelve congenital cases. This municipal reservoir was not shown to contain
oocysts; however, contaminated runoff containing soil that had been infected by feline
feces was the probable cause (Bowie et al., 1997; Isaac-Renton et al., 1998). A study of an
outbreak in Brazil showed that infection of humans occurred more frequently in lower
socioeconomic groups due to their lack of access to filtered clean drinking water. Age
adjusted results showed infection rates of 84%, 62%, and 23% in the lower, middle, and
upper socioeconomic groups respectively (Garcia Bahia-Oliveira et al., 2003). This
indicates that unfiltered drinking water can be a primary mode of transmission of T. gondii.

8

Contamination of groundwater sources can occur via point source discharge, such as the
discharge of a septic tank into the environment, or through a non-point source discharge,
such as the contamination of drinking water through the defecation of felines within their
habitable areas. Non-point source discharge events are expected to increase in frequency
due to the onset of climate change that is currently being observed (Brooks & Hoberg,
2007). Increased human population density around urban areas has been shown to have a
positive correlation with the occurrence of T. gondii oocysts present in the soil. In addition,
oocysts in soil can remain infectious for extended periods of time (Afonso et al., 2008).
Consequently, soil can act as a reservoir for infectious T. gondii oocysts.

T. gondii oocysts are resistant to environmental stresses and standard water treatment
methods, including ozone (Dumètre et al., 2008). Among water treatment methods,
ultraviolet radiation has proven to be effective against T. gondii oocysts (Dumètre et al.,
2008). Oocysts can survive in a wide range of temperatures for extended periods of time
making them highly persistent in the environment (Bowie et al., 1997). T. gondii’s range
of influence on the environment is dependent on its spread and transmission though the
definitive host. As the climate changes, the spread of T. gondii will increase as the habitat
ranges of felines increase. This will lead to a greater percentage of contraction within
humans (Meerburg & Kijlstra, 2009). Therefore, understanding of the fate and transport of
T. gondii in soil is critical to assess the risk of contamination of groundwater used for
drinking water sources and the threat to public health.
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The (bio)colloid -- sporulated T. gondii oocyst -- has an ovoid shape with a robust outer
wall and is between 10 to 12 microns in size with a density between 1.05 to 1.10 g/cm3
(Dumètre & Dardé, 2003). Oocysts have a zeta potential of -43.74 mV and an
electrophoretic mobility in ultrapure water of -3.42 um/s/V/cm (Shapiro et al., 2009). The
cellular wall of the T. gondii oocyst acts as an external barrier to environmental factors and
it has a Young’s modulus between 106-107 Pa. This wall is an effective barrier due to the
cross-linking of structural proteins within the walls arrangement (Dumetre et al., 2013).

The Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory is used to describe the
movement of colloids through saturated porous media (Derjaguin and Landau 1941;
Verwey and Overbeek 1948). In this theory, the mobilization of a colloid is dictated by the
double layers of interaction between grains and the colloid, through the London-van der
Waals forces, and through the interactions between the short-range repulsive forces that
act between the grain and the colloid (Derjaguin and Landau 1941; Verwey and Overbeek
1948). These forces are greatly affected by the ionic strength of a solution, the pH, and the
alteration of movement due to the change of surface charge by some chemical species. In
addition to the DLVO theory, the classic colloid filtration model (CFM) can also describe
the movement of colloids through porous media. This theory describes the process by
which colloids are adsorbed onto the grain surfaces of porous media and strained by the
grains of porous media due to the fluid motion within the system and the charge of the
colloids around the surface of grains (Yao, Habibian, & O’Melia, 1971).
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Extensive research on the fate and transport of microbes in porous media have
demonstrated that soil and groundwater solution chemistry play a pivotal role in the
mobility and retention of microorganisms (Fontes, Mills, Hornberger, & Herman, 1991;
Harter, Wagner, & Atwill, 2000; Johnson & Logan, 1996; Knappett, Emelko, Zhuang, &
McKay, 2008; Ryan & Elimelech, 1996; Shapiro et al., 2009; Tufenkji & Elimelech, 2004).
Studies of the transport of E. coli bacteria through porous media have found that by the
retention of the biocolloid within the porous media was dependent on the ionic strength of
a solution showing a doubling in retention of bacteria with an order of magnitude increase
in the ionic strength (Fontes et al., 1991). Changing the concentrations of magnesium,
calcium, sodium, and potassium ions within the effluent solutions lead to various changes
in the retention of the bacteria within the porous media with divalent salts leading to a
greater retention than monovalent ones. Naturally occurring organic substances such as
humic acid and fulvic acid have been shown to decrease the retention and increase the
mobilization of bacteria within porous media with sediment organic matter causing a 44%
decrease in retention of bacteria, and dissolved organic matter causing a 10% - 20%
decrease in retention using quartz sand columns (Johnson & Logan, 1996).

Transport experiments on viruses in porous media found that the bacteriophage MS-2 had
an increased retention rate in the presence of greater ionic strength solutions (Knappett et
al., 2008). Another virus transport study showed that increasing the ionic strength of
simulated groundwater chemistry increased the attachment of viruses onto aquifer media
and reduced the transport of the virus (Walshe et al., 2010). Additionally, increasing the
dissolved organic matter increased the transport of the MS2 bacteriophage in aquifer media

11

(Walshe et al., 2010). A study of the bacteriophage PRD1 showed organic matter within
sediment could prevent the attachment of the biocolloids onto grain surfaces due to its
coating of the surface (Ryan, Elimelech, Ard, Harvey, & Johnson, 1999). Other microbe
transport studies on organic compounds including humic and fulvic acids of the Suwanee
River show that the transport of viruses such as the rotavirus were effected by changing
the surface charge of species, and a decrease in colloid mobilization was observed
(Gutierrez & Nguyen, 2012). These studies were also conducted in the presence of both
monovalent and divalent salt ions, and interactions with the CaCl2 ions in particular showed
that they caused higher attachment efficiencies (Gutierrez & Nguyen, 2012).

Studies of the transport of protozoans in porous media including Cryptosporidium parvum
have determined that solution chemistry could dictate the fate and transport of C. parvum.
Increasing the ionic strength of the porous media solution was found to increase the
adsorption rate of the (bio)colloids C. parvum oocysts onto grain surfaces (Harter et al.,
2000; Tufenkji & Elimelech, 2004). Preferential flow pathways were found to enhance the
movement of a C. parvum oocyst through porous media thus increasing the risk of
contaminating drinking water sources (Darnault et al., 2004). Increasing dissolved organic
matter concentrations of fulvic acid have shown to decrease oocyst collision efficiency and
increase the transport of C. parvum oocysts in porous media (Abudalo et al., 2010). When
conducting batch experiments on T. gondii oocysts, increasing the ionic strength of a
solution decreased colloid mobilization as the electrophoretic mobility of the colloid
increased (Shapiro et al., 2009).
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The pathogenic microorganism T. gondii is a threat to public health and research on its fate
and transport is vital to reducing disease outbreaks of Toxoplasmosis. Understanding of
the mechanisms that govern the transport of T. gondii in soil and the effect that groundwater
chemistry has on its fate and transport are critical to assess the risk of contamination of
water resources and consequently potential Toxoplasmosis outbreaks. Previous studies of
other biocolloids have demonstrated that groundwater chemistry can affect the mobility of
biocolloids in saturated porous media. The objective of this research is to investigate the
transport of T. gondii oocysts in saturated porous media under the influence of the solution
chemistry, including the type of electrolytes and organic matter, as well as the ionic
strength and concentration of organic matter. We hypothesized that the breakthrough of
Toxoplasma gondii in groundwater will be enhanced in the presence of organic compounds
due to lower adsorption rates and the breakthrough of T. gondii will be degraded in the
presence of increased ionic strength solutions due to higher adsorption rates. It is also
expected that divalent salt solutions will increase the adsorption rates greater than
monovalent ones, which will decrease the breakthrough of T. gondii. Various ionic strength
solutions as well as dissolved organic matter (humic and fulvic acid compounds) were
tested in order to determine their effects on the fate and transport of T. gondii in saturated
porous media. By using varying concentrations of these solutions, this research will
demonstrate the fate and transport of T. gondii in a variety of geological settings to better
understand its transport and mitigate Toxoplasmosis outbreaks.
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2. MATERIALS AND METHODS

2.1. Toxoplasma gondii Oocysts

A sample provided from the United States Department of Agriculture (USDA) Agricultural
Research Service (ARS) in Beltsville, MD containing 125 million sporulated (live and
infective) T. gondii oocysts distributed within a 25 mL solution of dilute hydrochloric acid
was used for the research. This USDA sample was produced using Toxo Me 49 oocysts
that infected cat #7671 TX#676 with an infection date of 08/09/2017 and an oocyst
collection date of 08/17/2017.

2.2. Groundwater Chemistries

In order to test the effects that various groundwater chemistries have on the transport of T.
gondii sporulated oocysts, a series of solutions that represent natural concentrations of
various groundwater chemistries were created. The two types of solutions tested in this
experiment are organic compounds and monovalent and divalent ionic salt solutions. The
organic compounds used in this experiment include humic acid (IHSS Humic Acid
Standard III 3S101H, St. Paul, MN) and fulvic acid (IHSS Fulvic Acid Standard II 2S101F,
St. Paul, MN) collected from the Suwannee River. Concentrations of 1 mg/L and 10 mg/L
were used which is within the expected natural groundwater quantities for dissolved
organic compounds. A background electrolyte of 1 mM potassium chloride was also added
to the organic solution in order to better simulate naturally occurring groundwater
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chemistries. The monovalent and divalent ionic salts solutions created used the salts
sodium chloride, magnesium chloride hexahydrate (ACS Grade, CAS#7791-18-6, Solon,
OH), and calcium chloride anhydrous (ACS Grade, CAS#10043-52-4, Solon, OH) to
simulate salt ions naturally present in the groundwater. Concentrations of 1 mM and 10
mM of each solution were tested. Solutions of a combination of calcium chloride with
humic acid were also tested at concentrations of 1 mM, 10 mM, and 1 mg/L respectively.
A control solution containing 1 mM potassium chloride (ACS Grade, CAS#7447-40-7,
Solon, OH) was used for comparison. In addition to testing these groundwater chemistries,
a non-reactive potassium bromide tracer test was conducted in the same manner that the
groundwater transport experiments were conducted. To create these organic, monovalent
and divalent salt ions, and control solutions, the dry masses of each of these salts and
organic compounds were weighed out to one tenth of a milligram. This dried mass was
then added to a 1-liter volumetric flask with ultra pure deionized water (18.2 MΩ•cm,
Millipore Corporation, Billerica, MA). The solution was then mixed and poured into a
holding vessel. Another liter of ultra pure deionized water was used to rinse out the
volumetric flask and this was then added to the Erlenmeyer flask and mixed thoroughly.
Solutions were created in 2-liter batches in order to create sufficient solution to fill ten pore
volumes of the experimental transport columns as well as to test for initial T. gondii
concentrations. These solution concentrations are shown in Table 1.
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2.3. Toxoplasma gondii Pulse

To create the pulses of Toxoplasma gondii oocysts used within the transport experiments,
first the T. gondii oocysts sample from the USDA was vortexed for 15 seconds at 3000
RPM using a VWR 14005-824 Digital Vortex Mixer in order to homogenize the sample
by re-suspending the oocysts present in the solution. Because four column experiments
were conducted at a time, 1.3 mL of the stock solution were pipetted using an Eppendorf®
Research plus 1000 microliter pipette from the homogenized container into a 50 mL
centrifuge tube. In order to remove the majority of the hydrochloric acid from the sample,
15 mL of ultra deionized water was added to the container, which was then vortexed. This
container was then centrifuged using an Eppendorf® Centrifuge model 5810R 15-amp
version at a rate of 2500 RCF for 15 minutes at 10 degrees Celsius. 10 mL of supernatant
was then pipetted off the top of the container and another 10 mL of deionized water was
pipetted into the pulse sample. The sample was then vortexed and then centrifuged again
in the same methods, and the supernatant was removed down to 10 mL. The sample was
then vortexed and the sample was pipetted into four separate containers of 2.5 mL, one for
each of the four columns. The 2.5 mL sample was then added to a 50 mL container and the
balance was filled with 47.5 mL of background solution. Background solutions that were
prepared 24 hours in advance. The containers were vortexed and allowed to equilibrate in
the refrigerator at 4 degrees Celsius over a 24-hour period prior to conducting the transport
experiments. 5 mL from each container was collected in order to test the initial
concentration within the pulse. In total, 45 mL of the prepared T. gondii solution were used
during injection containing a total of 1,462,500 oocysts, which is a concentration of 32,500
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oocysts/mL. In addition to creating a pulse of T. gondii a non-reactive 45 mL solution of
potassium bromide was used to conduct a non-reactive tracer test.

2.4. Experimental Investigation of Flow and Transport of T. gondii in Saturated Porous
Media

A series of T. gondii transport experiments were conducted using columns simulating flow
through saturated porous media. Four Spectra/Chroma® glass columns with dimensions 5
cm in diameter by 20 cm in length were used. Columns were packed with a 20x40 US silica
sand with an average particle size between 0.841 mm and 0.420 mm, an effective porosity
of 35%, and a particle density of 2.65 g/cm3, and were erected upright with the inlet at the
bottom and an outlet at the top in order to reduce the effects of settling within the columns.
SpectraMesh® 297 micron polypropylene filters were used to hold the silica sand in place
and prevent clogging of the tubing connected to the columns. Columns influent was fed
with 1.6 mm internal diameter silicone Masterflex® tubing. Tubing was connected to a
Masterflex® L/S Peristaltic Pump model 7523-60 set at a constant flow rate of 250 mL/hr
equating to an average seepage velocity of 36.4 cm/hr. This velocity was chosen based on
natural flow velocities observed in groundwater systems containing medium grained sand.

The experimental setup involved flooding the columns for an inundation period with one
pore volume of groundwater background solution and allowing the columns to equilibrate
to the solution chemistry for two hours. After the inundation period, another pore volume
was flushed through the system to allow the groundwater chemistry within the system to
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equilibrate and remain constant after coating the sand grains. After those two pore volumes
had been flushed through the system, the pulse of T. gondii oocysts was injected into the
column using the peristaltic pump. 7 pore volumes of groundwater solution then followed
this pulse in order to flush the pulse through the system. At the start of the injection of the
pulse, collection of the effluent exiting the system began. Effluent exiting the system was
collected in 1/10 of a pore volume increments of 15 mL for the first 5 pore volumes and
1/3 of a pore volume of 50 mL for the last two pore volumes. The same procedure was
performed for all transport column experiments involving organic solutions, monovalent
and divalent ionic solutions, control solutions, and non-reactive bromide tracer solutions.
Column transport experiments were conducted in duplicate. A total of 28 column transport
experiments were performed in this study. This generated 56 effluent samples per column
totaling 1,568 total samples collected.

2.5. Concentration of T. gondii Oocysts in Effluents

Half of the total samples collected underwent a centrifuging process in order to concentrate
the T. gondii oocysts within the collected effluent to prepare it for qPCR analyses. The first
step in this process involved centrifuging the 50 mL collection tubes for 15 minutes at 2500
RCF and then removing the majority of the supernatant and leaving approximately 3 mL
of remaining supernatant that included the pellet. 1.7 mL of this sample was then pipetted
into a 1.7 mL micro-centrifuge tube and this tube was then put into a micro-centrifuge for
5 minutes at 2400 RCF. Supernatant was then removed down to 0.7 mL and the sample
was filled with the rest of the 3 mL remaining sample that contained the supernatant that
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included the pellet. qPCR analyses was then performed in order to quantify the T. gondii
oocysts within each sample.

2.6. DNA Extraction and qPCR Analyses of T. gondii Oocysts

DNA extraction was performed by first centrifuging the samples at 10,000 g for 5 minutes,
concentrating the oocyst down to a 50 μL sample. Sample underwent six cycles of freezing
at -80°C followed by 5 minutes and thawing at 90°C for 5 minutes. Samples were sonicated
for 10 minutes to weaken the oocyst walls to enhance DNA extraction.

DNA was extracted using a E.Z.N.A.® Tissue DNA kit (OMEGA Bio-Tek, #D3396-02,
VWR International S.A.S., Strasbourg, France). The real-time PCR analysis targeted 529
bp repeat regions (REP529, GenBank accession no. AF487550) of T. gondii (Reishl et al.,
2003). Real-time PCR reactions were conducted using a Roche’s LightCycler 480 with a
final volume of 25 μL containing 1X LightCyclerTM 480 Probes Master (ROCHE
Diagnostics, France), 0.5 μmol/L of each required primer, 0.25 μmol/L of Taqman probe,
0.5µl of 1% bovine serum albumin (BSA), and 2 μL of template DNA.

45 thermal cycles for each sample was conducted in the following order: ten seconds at
95°C, 30 seconds at 58°C, and 10 seconds at 72°C. Concentrations were reported in cycle
threshold values and the oocyst number was derived using a sample curve created by five
dilutions of a sample with a known oocyst concentration.
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3. MATHEMATICAL ANALYSIS

It is common to compare BTCs of saturated flow column experiments or chemical
reactors using moment calculations instead of comparing the entire distribution of the
BTCs. Three moments are typically used for these calculations to describe the mean
residence time, the variance, and the skewness of the results. To quantitatively analyze
the results of this experiment and make these results more useful for the public, the
moments were calculated for each replicate of the BTCs and the results of these
calculations are shown in Table 2. The first moment is the mean residence time, as
defined by the equation:

"

𝑡! = # 𝑡𝐸(𝑡)𝑑𝑡
#

Eq.1
This equation describes the mean residence time for a particle, solute, or tracer within the
column reactor using the E curve which is described by the equation:

𝐸(𝑡) =

𝐶(𝑡)
"
∫# 𝐶(𝑡)𝑑𝑡

Eq.2
The E curve equation describes the concentration of the of oocysts and tracer with respect
to time over the integral of the concentration of oocysts and tracer with respect to time.
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The second moment called the variance and is taken about the mean residence time, and
is equal to the square of the standard deviation of the breakthrough curve. It is defined by
the equation:

"

𝜎 $ = # (𝑡 − 𝑡! )$ 𝐸(𝑡)𝑑𝑡
#

Eq.3
This second moment indicates the spread of the distribution of the breakthrough
concentrations. Larger second moments indicate a greater distribution of the spread of
results from the mean residence time of the colloids or tracer within the systems.

The third moment is also measured about the mean residence time, and it represents the
skewness of the data. It is defined by the equation:

1

%

𝑆 =

𝜎

"

%& #
$ #

(𝑡 − 𝑡! )% 𝐸(𝑡)𝑑𝑡
Eq.4

The third moment measures the level at which a distribution is skewed in one direction or
another with respect to the mean distribution of the BTCs. A positive value for the
skewness will result in a tailing effect of the BTC and is the expected result for saturated
flow systems which react with the porous media.
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4. RESULTS

Results of the KBr conservative tracer and KCl control solution are first presented.
Breakthrough curves of the organic compound solutions, monovalent salt ion solutions,
and divalent salt ion solutions will be compared to these control experiment values to
determine the effects the solution chemistries have on the transport of T. Gondii in saturated
porous media.

4.1. KBr Nonreactive Tracer

A nonreactive KBr column experiment breakthrough curve was used to establish baseline
flow rates through the saturated porous media for comparison of the oocyst column
transport experiments. The two nonreactive KBr breakthrough curves yielded an average
peak breakthrough at 1.31 pore volumes, with an average peak concentration of 0.799C/Co
and an average total C/Co breakthrough recovery of 95.3% as shown in Figure 1.

4.2. KCl Control Solution

A 1M KCl solution was used as a control group for comparison of the oocyst transport
through the columns. BTCs characterizing the transport of T. gondii in saturated sandy
porous media under the influence of KCl at two different concentrations (1 mM and 10
mM) are presented in Figures 2.1 (1 mM) and 2.2 (10 mM). The breakthrough of T. gondii
oocysts was observed under both concentrations of KCl. Higher concentration of KCl (10

22

mM) resulted in lower transport of T. gondii oocyst in comparison with the lower KCl
concentration (1 mM). The breakthrough peaks occur prior to the peak of the nonreactive
bromide tracer curve for both KCl concentrations. The BTCs of oocysts subject to any KCl
concentrations were characterized by a fast increase to reach a peak value followed by a
trailing off of the concentrations. For the 1 mM KCl solution, oocysts were detected in the
first sampled volume from 0.35 to 0.45 pore volumes and reached a peak at 1.28pore
volumes, with peak concentrations ranging from 3.03E-3 to 5.6E-3 C/Co. The trailing off
of oocyst breakthrough with C/Co values oscillating between 1.5E-5 and non-detect after
3.3 pore volumes. The 10 mM KCl solution yielded the same graph shape with lower
overall concentrations of breakthrough. Oocysts were first detected between 0.35 and
0.1.07 pore volumes and reached a peak at pore volumes ranging from 1.28 to 1.50 pore
volumes, with peak concentrations ranging from 2.0E-3 to 2.1E-3 C/Co. This peak was
followed by the trailing off of oocyst breakthrough with C/Co values oscillating between
values oscillating between 2.6E-4 and non-detect after 2.5 pore volumes. Increasing the
concentration of KCl in the solution from 1 mM to 10 mM yielded a decrease in the
breakthrough of T. Gondii and an increased retention of oocysts. The amount of oocysts
breakthrough compared to the total pulse resulted in a 0.697% breakthrough in 1mM
solution and 0.314% breakthrough in 10mM as shown in Table 2.

4.3 NaCl, CaCl2, and MgCl2

To investigate the effects of ionic strength and ions valency on the transport of T. gondii
oocysts through saturated media, transport experiments were performed using three

23

electrolytes (NaCl, CaCl2, and MgCl2) at two concentration each (1 M and 10M). The
transport of T. gondii oocysts were characterized through the analysis of the T. gondii
oocysts breakthrough curves (BTCs) in saturated sandy porous media, and by calculating
the total BTC recovery percentage of T. gondii oocysts.

BTCs characterizing the transport of T. gondii in saturated sandy porous media under the
influence of NaCl at two different concentrations (1 mM and 10 mM) are presented in
Figures 3.1 (1 mM) and 3.2 (10 mM). The breakthrough of T. gondii oocysts was observed
under both concentrations of NaCl. Higher concentration of NaCl (10 mM) resulted in
lower transport of T. gondii oocyst in comparison with the lower NaCl concentration (1
mM). The breakthrough peaks occur prior to the peak of the nonreactive bromide tracer
curve for both NaCl concentrations. The BTCs of oocysts subject to any NaCl
concentrations were characterized by a fast increase to reach a peak value followed by a
trailing off of the concentrations. For the 1 mM NaCl solution, oocysts were detected in
the first sampled volume of 0.35 pore volumes and reached a peak at pore volumes ranging
from 1.07 to 1.28, with peak concentrations ranging from 5.9E-4 to 9.2E-4 C/Co. The
trailing off of oocyst breakthrough with C/Co values oscillating between 1E-4 and 2.1E-6
after 3.5pore volumes. The 10 mM NaCl solution yielded the same graph shape with lower
overall concentrations of breakthrough. Oocysts were first detected between 0.35 and 0.87
pore volumes and reached a peak at pore volumes ranging from 1.07 to 1.28 pore volumes,
with peak concentrations ranging from 1.5E-4 to 5.9 E-4 C/Co. This peak was followed by
the trailing off of oocyst breakthrough with C/Co values oscillating between values
oscillating between 1.5E-4 and non-detect after 2.5 pore volumes. Increasing the
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concentration of NaCl in the solution from 1 mM to 10 mM yielded a decrease in the
breakthrough of T. Gondii and an increased retention of oocysts. The amount of oocysts
breakthrough compared to the total pulse resulted in a 0.190% breakthrough in 1mM
solution and 0.064% breakthrough in 10mM as shown in Table 2. Compared to the KCl
control solution, the addition of NaCl resulted in a breakthrough by 0.12 times in the 1mM
solution and 0.16 times in the 10mM solution.

BTCs characterizing the transport of T. gondii in saturated sandy porous media under the
influence of CaCl2 at two different concentrations (1mM and 10mM) are presented in
Figures 4.1 (1mM) and 4.2 (10 mM). The breakthrough of T. gondii oocysts was observed
under both concentrations of CaCl2. Higher concentration of CaCl2 (10 mM) resulted in a
delayed transport of T. gondii oocyst in comparison with the lower CaCl2 concentration (1
mM). The breakthrough peak of the 1 mM CaCl2 concentration occurred prior to the peak
of the nonreactive bromide tracer curve and the 10 mM CaCl2 concentration occurred after
the tracer for one column experiment and before for the duplicate. The BTCs of oocysts
subject to any CaCl2 concentrations were characterized by a fast increase to reach a peak
value followed by a trailing off of the concentrations for all but one of the columns. One
10 mM column experienced a delayed peak with no apparent trailing off. For the 1 mM
CaCl2 solution, oocysts were detected in the first sampled volume of 0.35 pore volumes
and reached a peak at pore volumes ranging from 0.45 to 1.07, with peak concentrations
ranging from 1.4E-4 to 1.9E-4 C/Co. The trailing off of oocyst breakthrough with C/Co
values oscillating between 3.5E-6 and non-detect after 1.7 pore volumes. The 10 mM CaCl2
solution yielded two graph shapes with higher concentrations and a delayed breakthrough.
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Oocysts were first detected at 0.45 and 1.71 pore volumes and reached a peak at pore
volumes ranging from 0.87 and 4.84 pore volumes, with peak concentrations ranging from
6.5E-5 to 3.9 E-3 C/Co. This peak was not followed by the trailing off of oocyst
breakthrough and concentrations continued to oscillate for the measured 7.5 pore volumes
at concentrations between 1.1E-4 and non-detect. Increasing the concentration of CaCl2 in
the solution from 1 mM to 10 mM yielded a delay in the breakthrough of T. Gondii and an
increased retention of oocysts. The amount of oocysts breakthrough compared to the total
pulse resulted in a 0.023 % breakthrough in 1 mM solution and 0.010 % breakthrough in
10 mM as shown in Table 2. Compared to the KCl control solution, the addition of CaCl2
resulted in a decreased breakthrough by 0.05 times in the 1mM solution and 0.02 times in
the 10mM solution.

BTCs characterizing the transport of T. gondii in saturated sandy porous media under the
influence of MgCl2 at two different concentrations (1mM and 10mM) are presented in
Figures 5.1 (1mM) and 5.2 (10 mM). The breakthrough of T. gondii oocysts was observed
under both concentrations of MgCl2. Higher concentration of MgCl2 (10 mM) resulted in
lower transport of T. gondii oocyst in comparison with the lower MgCl2 concentration (1
mM). The breakthrough peaks occur prior to the peak of the nonreactive bromide tracer
curve for both MgCl2 concentrations. The BTCs of oocysts subject to any MgCl2
concentrations were characterized by a fast increase to reach a peak value followed by a
trailing off of the concentrations. For the 1 mM MgCl2 solution, oocysts were detected in
the first sampled volume of 0.45 pore volumes and reached a peak at 1.07 pore volumes,
with peak concentrations ranging from 4.7E-5 to 2.7E-4 C/Co. The trailing off of oocyst
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breakthrough with C/Co values oscillating between 2.2E-5 and non-detect after 3.2 pore
volumes. The 10 mM MgCl2 solution yielded the same graph shape with lower overall
concentrations of breakthrough. Oocysts were first detected at 0.35 pore volumes and
reached a peak at pore volumes ranging from 0.45 to 1.50 pore volumes, with peak
concentrations ranging from 7.0E-6 to 9.9 E-5 C/Co. This peak was followed by the trailing
off of oocyst breakthrough with C/Co values oscillating between values oscillating
between 9.9E-6 and non-detect after 1.5 pore volumes. Increasing the concentration of
MgCl2 in the solution from 1 mM to 10 mM yielded a decrease in the breakthrough of T.
Gondii and an increased retention of oocysts. The amount of oocysts breakthrough
compared to the total pulse resulted in a 0.035 % breakthrough in 1 mM solution and 0.007
% breakthrough in 10 mM as shown in Table 2. Compared to the KCl control solution, the
addition of MgCl2 resulted in a decreased breakthrough by 0.07 times in the 1mM solution
and 0.01 times in the 10mM solution.

4.4 Humic Acid and Fulvic Acid

To investigate the effects of organic matter on the transport of T. gondii oocysts through
saturated media, transport experiments were performed using two organic acids (humic
acid and fulvic acid) at two concentrations each (1 mg/L and 10 mg/L). The transport of T.
gondii oocysts were characterized through the analysis of the T. gondii oocysts
breakthrough curves (BTCs) in saturated sandy porous media, and by calculating the total
BTC recovery percentage of T. gondii oocysts.

27

BTCs characterizing the transport of T. gondii in saturated sandy porous media under the
influence of humic acid at two different concentrations (1 mg/L and 10 mg/L) are presented
in Figures 6.1 (1 mg/L) and 6.2 (10 mg/L). The breakthrough of T. gondii oocysts was
observed under both concentrations of humic acid. Higher concentration of humic acid (10
mg/L) resulted in slightly greater transport of T. gondii oocyst in comparison with the lower
humic acid concentration (1 mg/L). The breakthrough peaks occur prior to the peak of the
nonreactive bromide tracer curve for both humic acid concentrations. The BTCs of oocysts
subject to any humic acid concentrations were characterized by a fast increase to reach a
peak value followed by a trailing off of the concentrations. For the 1 mg/L humic acid
solution, oocysts were detected in the first sampled volume of 0.35 to 0.66 pore volumes
and reached a peak at pore volumes ranging from 1.07 to 1.28, with peak concentrations
ranging from 1.2E-1 to 2.3E-2 C/Co. The trailing off of oocyst breakthrough with C/Co
values oscillating between 5.5E-5 and 4.6E-4 after 2.9 pore volumes. The 10 mg/L humic
acid solution yielded the same graph shape with higher overall concentrations of
breakthrough. Oocysts were first detected at 0.35 pore volumes and reached peak at pore
volumes ranging from 1.07 to 1.28 pore volumes, with peak concentrations ranging from
6.1E-2 to 6.8 E-2 C/Co. This peak was followed by the trailing off of oocyst breakthrough
with C/Co values oscillating between values oscillating between 5.3E-4 and 4.0E-5 after
2.7 pore volumes. Increasing the concentration of humic acid in the solution from 1 mg/L
to 10 mg/L yielded an increase in the breakthrough of T. Gondii and a decrease in retention
of oocysts. The amount of oocysts breakthrough compared to the total pulse resulted in a
9.295 % breakthrough in 1mM solution and 9.249 % breakthrough in 10mM as shown in
Table 2. Compared to the KCl control solution, the addition of humic resulted in an
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increased breakthrough by 1,840% in the 1mM solution and 1,831% in the 10mM
solution.

BTCs characterizing the transport of T. gondii in saturated sandy porous media under the
influence of fulvic acid at two different concentrations (1 mg/L and 10 mg/L) are presented
in Figures 7.1 (1 mg/L) and 7.2 (10 mg/L). The breakthrough of T. gondii oocysts was
observed under both concentrations of humic acid. Higher concentration of fulvic acid (10
mg/L) resulted in slightly greater transport of T. gondii oocyst in comparison with the lower
fulvic acid concentration (1 mg/L). The breakthrough peaks occur prior to the peak of the
nonreactive bromide tracer curve for both fulvic acid concentrations. The BTCs of oocysts
subject to any fulvic acid concentrations were characterized by a fast increase to reach a
peak value followed by a trailing off of the concentrations. For the 1 mg/L fulvic acid
solution, oocysts were detected in the first sampled volume of 0.35 pore volumes and
reached a peak at 1.07 pore volumes, with peak concentrations ranging from 4.0E-3 to
4.4E-3 C/Co. The trailing off of oocyst breakthrough with C/Co values oscillating between
3.7E-4 and non-detect after 3.3 pore volumes. The 10 mg/L fulvic acid solution yielded the
same graph shape with higher overall concentrations of breakthrough. Oocysts were first
detected at 0.35 pore volumes and reached peak at pore volumes ranging from 1.07 to 1.28
pore volumes, with peak concentrations ranging from 1.3E-2 to 1.4E-2 C/Co. This peak
was followed by the trailing off of oocyst breakthrough with C/Co values oscillating
between values oscillating between 2.7E-4 and 6.0E-6 after 3.6 pore volumes. Increasing
the concentration of fulvic acid in the solution from 1 mg/L to 10 mg/L yielded an increase
in the breakthrough of T. gondii and a decrease in retention of oocysts. The amount of
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oocysts breakthrough compared to the total pulse resulted in a 1.074 % breakthrough in 1
mg/L solution and 2.173 % breakthrough in 10 mg/L as shown in Table 2. Compared to
the KCl control solution, the addition of fulvic resulted in an increased breakthrough by
213% in the 1mM solution and 430% in the 10mM solution.

4.5 CaCl2 and Humic Acid

BTCs characterizing the transport of T. gondii in saturated sandy porous media under the
influence of CaCl2 at two different concentrations (1 mM and 10 mM) with 1 mg/L of
humic acid are presented in Figures 8.1 (1 mM) and 8.2 (10 mM). The breakthrough of T.
gondii oocysts was observed under both concentrations of CaCl2 with humic acid. Higher
concentration of CaCl2 (10 mM) resulted in slightly lower transport of T. gondii oocyst
when coupled with humic acid in comparison with the lower concentrations of CaCl2 (1
mM). The breakthrough peaks occur prior to the peak of the nonreactive bromide tracer
curve for all columns exempt one containing 10 mM CaCl2 solution with humic acid. The
BTCs of oocysts subject to any CaCl2 concentrations with humic acid concentrations were
characterized by a fast increase to reach a peak value followed by a trailing off of the
concentrations, aside from one 10 mM CaCl2 solution duplicate. For the 1 mg/L fulvic acid
solution, oocysts were detected in the first sampled volume of 0.35 pore volumes and
reached a peak at 1.07 pore volumes, with peak concentrations ranging from 2.6E-4 to
4.5E-4 C/Co. The trailing off of oocyst breakthrough with C/Co values oscillating between
2.6E-4 and non-detect after 2.1 pore volumes. The 10 mg/L fulvic acid solution yielded the
same graph shape with lower overall concentrations of breakthrough for one column and
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did not show a defined peak for the duplicate column. Oocysts were first detected at 0.35
pore volumes and reached peak pore volume at 1.07

pore volumes, with a peak

concentrations of 1.8E-4 C/Co. This peak was followed by the trailing off of oocyst
breakthrough with C/Co values oscillating between 6.0E-5 and non-detect after 1.9 pore
volumes. The duplicate sample did not have a defined peak of the curve and oscillated
between the concentrations 1.3E-6 and 4.5E-5. Increasing the concentration of fulvic acid
in the solution from 1 mg/L to 10 mg/L yielded an increase in the breakthrough of T. gondii
and a decrease in retention of oocysts. The amount of oocysts breakthrough compared to
the total pulse resulted in a 0.08 % breakthrough in 1 mg/L solution and 0.023 %
breakthrough in 10 mg/L as shown in Table 2. Compared to the KCl control solution, the
addition of humic acid with 1mM of CaCl2 resulted in a decreased breakthrough by 0.16
times and by 0.04 times with the 10mM solution.

Breakthrough curves of the tested ionic strength solutions and organic compound solutions
were compared to one another and are shown in Figures three through eight. These graphs
display the concentration of the detected T. gondii in the solution at the time of collection.
Graphs one and two look at the 1mMol and 10 mMol calcium chloride solutions
respectively. When comparing the data points of greatest concentration along the graphs,
an inverse correlation is observed in the breakthrough curve time and the molar
concentration of the solutions. The 1 mMol solution has a breakthrough time of 2238
seconds and the 10 mMol solution has a breakthrough time of 9908 seconds. Graphs three
and four show the 1 mMol and 10 mMol sodium chloride solutions respectively. The 1
mMol solution has a breakthrough time of 2211 seconds and the 10 mMol solution has a
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breakthrough time of 2863. The same correlation as seen in the results of the calcium
chloride columns is also shown in the sodium chloride columns. Graphs five and six show
the breakthrough curves of the 1 mMol and 10 MMol Magnesium Chloride solutions. The
1 mMol solution has a breakthrough time of 2448 seconds and the 10 mMol solution has a
time of 1899 seconds. These solution breakthrough times differ from the other ionic
strength solutions, showing a positive correlation between the concentration and the time
of breakthrough.
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5. DISCUSSION

The transport of T. gondii oocyst were studied in laboratory experiments under saturated
flow conditions with varying solution chemistries in order to better understand the fate
and transport of oocysts in engineered and natural porous media. Breakthrough of T.
gondii was observed in all tested environments, which included varying concentrations of
organic matter, ionic strengths, and ionic molarity. Although breakthrough of T. gondii
was observed in all environments, differences in the breakthrough curves of oocysts
varied with the solution chemistries.

5.1 Early Breakthrough of T. gondii

Comparisons of the BTCs for all column experiments conducted on T. gondii identified
common occurrences regardless of the groundwater chemistry the oocyst was in. These
commonalities include early breakthrough of the colloid and a positive third moment
defined as the skewness of the BTCs. The early breakthrough of the colloid when
compared to the nonreactive bromide tracer suggests that its mobility, in most instances,
is enhanced by some mechanism. Similar column experiments conducted on the
bacteriophage MS2 in saturated porous media in the presence of organic compounds and
various ionic strengths identified a similar phenomenon (Keller et. al., 2004). They stated
that this phenomenon was due to the size exclusion effects acting upon the colloid. This
size exclusion effect is primarily due to pore inaccessibility of the colloid due to its size.
Another study identified that a portion of the void volume was inaccessible to the colloid
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which resulted in earlier breakthrough (Chrysikopoulos et. al., 2015). This pore
inaccessibility results in the transport of the colloids through preferential flow pathways
with faster travel times as the larger colloids travel through central streamlines,
increasing its initial breakthrough as compared to a nonreactive tracer.

5.2 Effects of Ionic Strength and Ion Valency on the Transport of T. gondii

The addition of salt ions (KCl, NaCl, CaCl2, and MgCl2) into the solutions created a
reduction of the breakthrough of T. gondii. Increasing concentrations of salt ions from
1mM to 10mM within a solution reduced the breakthrough of T. gondii. Additionally,
higher valence ions created a greater reduction in the breakthrough of T. gondii. The
divalent ions CaCl2 and MgCl2 resulted in more retention and less breakthrough of the T.
gondii oocysts than the monovalent ions KCl and NaCl. When compared to the results of
other saturated flow transport experiments of colloids including bacteriophages and
microspheres (Walshe et. al, 2010), viruses (Powelson et. al., 1991) and protozoa such as
C. parvum (Janjaroen et. al., 2010, Harter, 2000), T. gondii behaved similarly.

The transport and of colloids within saturated porous media are governed by advection
and dispersion (Harter et. al., 2000). The retention of colloids is governed by deposition
and straining (Ryan et.al., 1996). The solution chemistry is known to affect the transport
of colloids because of its impact on the interaction between the colloids and the grain
surfaces within the saturated porous media (Shapiro et. al., 2008). These interactions are
the weak van der Waals forces, the electrostatic interactions, and static forces acting
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between the grain surface and the colloids (Tufenkji et al., 2004, Balthazard-Accou et al.,
2014, Shapiro et al., 2008).

The salt ions influence the electric double layer (EDL) of the surface interacting between
one another and causes its compression, therefore inducing the deposition of colloids
onto the grain surfaces (Tufenkji et al., 2014). This is known to cause compression of the
repulsive forces and increase the attraction between surfaces. As the ionic strength
increases from 1mM to 10mM, the repulsions between the grain surfaces and the oocysts
decreases resulting in an increased retention of the colloids due to the attractive
interactions. Divalent Ions create a bridging effect between the surfaces further
decreasing the repulsive forces and resulting in the retention of colloids (Luo et al., 2017,
Ryan et al., 1996). The presence of MgCl2 and CaCl2 results in a greater retention of T.
gondii in porous media due to the capacity of the divalent cations to shield the double
layer thickness and produce a bridging effect.

When comparing the first moment of the mean residence time of solutions containing salt
ions, all BTCs of the solutions appear to be within the same range as the control KCl
solution BTCs. In some cases arrival times are sooner and in others they are later. The
mean residence time for the BTCs appear slightly before the KBr tracer BTCs. When
comparing the average second moment variance of the BTCs of the ionic solutions, most
have a greater variance with higher ionic strength solutions having the highest average
variance compared to both the KCl control solution BTCs and the KBr tracer BTCs. The
third moment of skewness of the BTCs for solutions containing salt ions displays greater
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positive values. This is likely a result of retardation of the flow of the oocysts through the
system resulting in a tailing effect. These results are shown in Table 2. The analysis of
the moments demonstrates retardation of the transport of the oocysts as well as pore
inaccessibility of the colloid.

5.3 Effects of Organic Matter on the Transport of T. gondii

The addition of organic matter (humic acid and fulvic acid) into the solutions created an
increase in T. gondii breakthrough. Increasing the concentration of fulvic acid from 1
mg/L to 10 mg/L increased the breakthrough; however, increasing concentrations of
humic acid from 1 mg/L to 10 mg/L had a negligible effect on the breakthrough of T.
gondii. It should also be noted that of all tested column experiments, solutions containing
organic matter on their own displayed the greatest breakthrough of any tested solution.

When comparing the fulvic acid solution to the KCl control solution, the addition of
fulvic acid resulted in up to a 430% increase in breakthrough of T. gondii. Increasing the
concentration of fulvic acid from 1 mg/L to 10 mg/L resulted in a 202% increase in the
breakthrough of T. gondii. Compared to the breakthrough of the control KCl solution, the
humic acid solution resulted in an increase of 1,840%, the highest recorded breakthrough
concentration. Humic acid showed almost no change with a ten fold increase in the
concentration of organic matter in the system.
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Natural organic matter including humic and fulvic substances have been known to impact
and change the physicochemical characteristics of colloids and their retention because of
hydrophobic, electrostatic, and steric interactions as a function of the chemistry of
environmental systems (Janjaroen et. al., 2010). These interactions help to explain the
observed effluent concentration within the tested systems. The presence of humic and
fulvic acids with the solutions enhanced the transport of T. gondii oocysts in porous
media when compared with the control solutions. The adsorption of humic acid and
fulvic acid onto the surface of the T. gondii oocysts and the quartz silica sand is primarily
increased by steric repulsion by coating the surfaces and may possibly increase the
electrostatic repulsion due to changes in the surface charge density (Zhao et. al., 2014),
therefore favoring the mobility of the oocyst and facilitating oocyst breakthrough.
When comparing the first moment of the mean residence time of solutions containing
organic compounds, all BTCs of the solutions appear to be sooner than the control KCl
solution BTCs. Additionally, the mean residence time for the BTCs appear slightly before
the KBr tracer BTCs. When comparing the average second moment variance of the BTCs
of the organic solutions, most have a greater variance when compared to both the KCl
control solution BTCs and the KBr tracer BTCs. The third moment of skewness of the
BTCs for solutions containing organic compounds displays greater positive values. This
is likely a result of retardation of the flow of the oocysts through the system resulting in a
tailing effect. These results are shown in Table 2. The analysis of the moments
demonstrates retardation of the transport of the oocysts as well as pore inaccessibility of
the colloid.
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5.4 Combined effects of Ionic Strength, Ion Valency, and Organic Matter on the
Transport of T. gondii

When observing multiplicative effects of different ionic and organic solutions, T. gondii
responded with similar behavior as the individually tested solutes. 1mM and 10mM
CaCl2 solutions with an additional 1 mg/L of humic acid displayed results between the
values of the individual CaCl2 and humic acid experiments. The addition of the humic
acid to the CaCl2 solutions resulted in an increase of 346% for the 1mM solutions and
218% for the 10mM solutions when compared to CaCl2 alone. When compared to the
performance of the humic Acid alone, the CaCl2 lead to a reduction in the breakthrough
of T. gondii by 11,617% in the 1 mM solution and 40,992% in the 10mM solution.
Concentrations far more heavily align with the results of the CaCl2 solutions suggesting
that the impacts of salt ionic solutions have much greater effect than organic substances
on the transport of T. gondii in the concentrations that were studied.

When comparing the first moment of the mean residence time of solutions containing
organic compounds and salt ions, all BTCs of the solutions appear to be within the same
range as the control KCl solution BTCs, apart from one replicate. In some cases arrival
times are sooner and in others they are later. The mean residence time for the BTCs
appear slightly before the KBr tracer BTCs, apart from one replicate. When comparing
the average second moment variance of the BTCs of the organic solutions and salt ions,
most have a greater variance when compared to both the KCl control solution BTCs and
the KBr tracer BTCs. The third moment of skewness of the BTCs for solutions
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containing organic compounds and salt ions, solutions containing higher concentrations
of salt ions displays greater positive value and lower concentration salt solutions display
lower positive values. This is likely a result of retardation of the flow of the oocysts
through the system resulting in a tailing effect. These results are shown in Table 2. The
analysis of the moments demonstrates retardation of the transport of the oocysts as well
as pore inaccessibility of the colloid.
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6. CONCLUSION

Saturated porous media column transport experiments were conducted to determine the
fate and transport of T. gondii in a variety of soil chemistries. The effects that ionic
strength, ionic valency, and organic matter have on the transport of T. gondii yielded
results which align similarly with other colloids displaying breakthrough concentrations
governed by DLVO forces including surface charge and steric hindrances. Additionally
the BTCs show early breakthrough of oocysts compared to the nonreactive bromide
tracer tests, following similar behavior as other colloids.

Breakthrough of T. gondii was observed in all tested solutions; although, the solution
chemistry had a significant impact on the degree to which oocysts were transported. The
addition of salt ions to the solution chemistry increased the retention of T. gondii and
decreased breakthrough with higher concentrations yielding greater retention. Similarly,
solutions containing high valence electrons yielded even greater retention of T. gondii
oocysts. The addition of organic matter reduced the retention of the colloids and
increased oocyst breakthrough. When both organic matter and salt solutions were added
to the systems, the salt solutions displayed a far greater influence on the retention when
compared to the influence of the organic matter.

Environments which introduce organic matter into an ecological system such as farming
and agriculture will yield an increase in the spread of T. gondii oocysts, which in turn
could have a negative impact on human health and the environment. Conversely
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increased ionic strength soil chemistry will yield a higher retention of oocysts within the
environment. This study highlights the importance of characterizing the surface
interactions of bio colloids within our environment in order to predict the fate and
transport of pathogens in natural systems.

41

APPENDICES
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Table 1
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Solution Tested

NaCl 1mM Replicate 1
NaCl 1mM Replicate 2
NaCl 10mM Replicate 1
NaCl 10mM Replicate 2
CaCl2 1mM Replicate 1
CaCl2 1mM Replicate 2
CaCl2 10mM Replicate 1
CaCl2 10mM Replicate 2
MgCl2 1mM Replicate 1
MgCl2 1mM Replicate 2
MgCl2 10mM Replicate 1
MgCl2 10mM Replicate 2
Humic Acid 1 mg/L Replicate 1
Humic Acid 1 mg/L Replicate 2
Humic Acid 10mg/L Replicate 1
Humic Acid 10mg/L Replicate 2
Fulvic Acid 1mg/L Replicate 1
Fulvic Acid 1mg/L Replicate 2
Fulvic Acid 10mg/L Replicate 1
Fulvic Acid 10mg/L Replicate 2
CaCl2 1mM + Humic Acid 1mg/L Replicate 1
CaCl2 1mM + Humic Acid 1mg/L Replicate 2
CaCl2 10mM + Humic Acid 1mg/L Replicate 1
CaCl2 10mM + Humic Acid 1mg/L Replicate 2
KCl 1mM Control Replicate 1
KCl 1mM Control Replicate 2
KBr Tracer Test Replicate 1
KBr Tracer Test Replicate 2

Table 2
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Figure 1 : BTCs of the non-reactive bromide tracer and an average of the tracer results.

45

Figure 2.1: BTCs of T. gondii oocysts in saturated porous media in the presence of 1 mMol
KCl control solutions and non-reactive bromide tracer BTC.
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Figure 2.2: BTCs of T. gondii oocysts in saturated porous media in the presence of 10
mMol KCl control solutions and non-reactive bromide tracer BTC.
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Figure 3.1: BTCs of T. gondii oocysts in saturated porous media in the presence of 1 mMol
NaCl solutions and non-reactive bromide tracer BTC.
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Figure 3.2: BTCs of T. gondii oocysts in saturated porous media in the presence of 10
mMol NaCl solutions and non-reactive bromide tracer BTC.
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Figure 4.1: BTCs of T. gondii oocysts in saturated porous media in the presence of 1 mMol
CaCl2 solutions and non-reactive bromide tracer BTC.
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Figure 4.2: BTCs of T. gondii oocysts in saturated porous media in the presence of 10
mMol CaCl2 solutions and non-reactive bromide tracer BTC.
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Figure 5.1: BTCs of T. gondii oocysts in saturated porous media in the presence of 1 mMol
MgCl2 solutions and non-reactive bromide tracer BTC.
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Figure 5.2: BTCs of T. gondii oocysts in saturated porous media in the presence of 10
mMol MgCl2 solutions and non-reactive bromide tracer BTC.
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Figure 6.1: BTCs of T. gondii oocysts in saturated porous media in the presence of 1mg/L
humic acid with 1 mMol KCl solutions and non-reactive bromide tracer BTC.
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Figure 6.2: BTCs of T. gondii oocysts in saturated porous media in the presence of
10mg/L humic acid with 1 mMol KCl solutions and non-reactive bromide tracer BTC.
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Figure 7.1: BTCs of T. gondii oocysts in saturated porous media in the presence of 1mg/L
fulvic acid with 1 mMol KCl solutions and non-reactive bromide tracer BTC.
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Figure 7.2: BTCs of T. gondii oocysts in saturated porous media in the presence of
10mg/L fulvic acid with 1 mMol KCl solutions and non-reactive bromide tracer BTC.
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Figure 8.1: BTCs of T. gondii oocysts in saturated porous media in the presence of 1mg/L
humic acid and 1 mMol MgCl2 solutions and non-reactive bromide tracer BTC.
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Figure 8.2: BTCs of T. gondii oocysts in saturated porous media in the presence of 1mg/L
humic acid with 10 mMol MgCl2 solutions and non-reactive bromide tracer BTC.
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